Commentary
Voltage-gated sodium channels (VGSCs) play a critical role in the propagation of electrical signaling in neurons, providing for the rapid and regenerative inward current seen during the rising phase of the action potential. Four of the nine known VGSC alpha subunit genes are primarily expressed in the central nervous system (SCN1A, SCN2A, SCN3A, SCN8A). Mutations in each of these genes have been implicated in genetic epilepsies of varying phenotypes, ranging in severity from Dravet syndrome to generalized epilepsy with febrile seizures plus (GEFS+) to simple febrile seizures. Initial studies of homozygous knockout of Scn8a in the mouse demonstrated a phenotype of ataxia and cerebellar tremor, while initial human cases of SCN8A similarly described ataxia, cerebellar atrophy, and intellectual disability (1). More recently, investigations into heterozygous Scn8a knockout in mice have revealed an intriguing dual role for the channel in epilepsy.
The biophysical properties of NaV1.6, the sodium channel alpha subunit encoded by SCN8A, allow these channels to play a unique role in regulating neuronal excitability. NaV1.6 is involved in producing the persistent current, a steady-state sodium current that is involved in the initiation of action potentials at near-threshold voltages, and the resurgent current (2, 3), a small, transient current elicited by depolarization after an action potential that facilitates rapid, repetitive neuronal firing. Neurons expressing NaV1.6 channels are more excitable than those containing only NaV1.1 and 1.2, and loss of NaV1.6 is thus associated with a higher threshold for the initiation of action potentials (3). These properties may help explain why loss of NaV1.6 function is associated with increased seizure resistance in rodent models; heterzygosity for null or missense mutations of Scn8a produces a resistance to chemically induced seizures (4) and amygdala kindling (5) . Additionally, SCN8A mutations can modify the severity of epileptic phenotypes associated with other sodium channel mutations. For example, the reduced seizure threshold and early mortality seen in Scn1a-knockout mice is rescued by coexpression of a Scn8a null allele (6) . Human gain of function mutations in SCN8A have been identified in children with epileptic encephalopathy (7) , while hippocampal kindling in mice is associated with increased hippocampal expression of NaV1.6 (5), further suggesting that NaV1.6 channel expression can exert a proexcitatory effect. These findings could make NaV1.6 inhibition a promising target for the development of future anticonvulsants, with potential to even have benefit in other sodium channelopathy-associated epilepsies, such as Dravet syndrome.
However, further investigations have shown another side to the story. While Scn8a med/+ (loss of function) and Scn8a med-jo/+ (a missense mutation with altered voltage gating) heterozygotes reduced susceptibility to induced seizures, both lines of mice also exhibited episodes of well-defined, ethosuximidesensitive spontaneous spike-wave discharges that were associated with immobility -a rodent analog of absence epilepsy (8) . Subsequently, a patient with treatment-resistant absence epilepsy has been identified with a complex combination of a heterozygous SCN8A missense mutation and mosaic dele-
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Voltage-gated sodium channel (VGSC) mutations cause severe epilepsies marked by intermittent, pathological hypersynchronous brain states. Here we present two mechanisms that help to explain how mutations in one VGSC gene, Scn8a, contribute to two distinct seizure phenotypes: (1) hypoexcitation of cortical circuits leading to convulsive seizure resistance, and (2) hyperexcitation of thalamocortical circuits leading to non-convulsive absence epilepsy. We found that loss of Scn8a leads to altered RT cell intrinsic excitability and a failure in recurrent RT synaptic inhibition. We propose that these deficits cooperate to enhance thalamocortical network synchrony and generate pathological oscillations. To our knowledge, this finding is the first clear demonstration of a pathological state tied to disruption of the RT-RT synapse. Our observation that loss of a single gene in the thalamus of an adult wild-type animal is sufficient to cause spike-wave discharges is striking and represents an example of absence epilepsy of thalamic origin.
Understanding Network Connections Connects Genotype to Epilepsy Phenotype
tion of a portion of the SCN8A gene (9) . The fact that loss of function mutations in a single gene can produce dichotomous outcomes on two distinct types of epilepsy strongly suggests a cell-type or circuit-specific role of NaV1.6-mediated sodium currents; however, the details of how these channels differentially affect network excitability were previously unclear. These are the questions that Makinson et al. convincingly explore in this article: understanding the role of NaV1.6 expression in specific populations of excitatory and inhibitory neurons in seizure susceptibility and investigating the mechanism of NaV1.6-associated absence epilepsy.
Using heterozygous cell-type specific knockout of Scn8a, the authors first examined the effect of decreasing NaV1.6 expression broadly in excitatory neurons; in inhibitory neurons, except those of the thalamic reticular nucleus (RT); or broadly across most inhibitory neurons. Recapitulating results from global heterozygous Scn8a null allele expression, heterozygous knockout in excitatory neurons reduced susceptibility to flurothyl-induced seizures, increased latency to epileptiform bursts in an in vitro preparation, and mitigated the severity of an Scn1a knockout (GEFS+ like) phenotype. Conversely, broad knockout of Scn8a in inhibitory cells did not reduce seizure susceptibility but did produce absence-like spike-wave discharges (SWD) on electrocorticography. SWD were not seen in animals with excitatory-cell specific knockout of Scn8a, nor were they seen if knockout was restricted to inhibitory cells outside of the RT. Double knockout animals lacking Scn8a from both excitatory and inhibitory cell lines exhibited a lower frequency of SWD. Overall, the authors suggest that loss of Scn8a from excitatory neurons lowers cortical excitability, reducing seizure susceptibility and opposing the absence seizure generation that is driven by loss of Scn8a from inhibitory cells.
As a manifestation of the hypersynchronous thalamocortical oscillations that are thought to underlie absence epilepsy, Makinson et al. demonstrated that loss of Scn8a in inhibitory neurons of the thalamus led to an increase in both spontaneous and evoked oscillatory activity in an in vivo thalamic slice preparation and drove RT neurons toward a burst, rather than tonic, firing mode. Using optogenetic stimulation of RT cells, with concurrent intracellular measurement of evoked inhibitory postsynaptic potentials in thalamocortical (TC) or neighboring RT neurons, the authors were able to demonstrate that loss of Scn8a impairs intra-RT inhibition but not RT-TC inhibition. Intra-RT inhibitory activity is thought to constrain TC oscillatory activity, with loss of this inhibition proposed as a cause of hypersynchrony, thalamic dysfunction, and subsequent epilepsy (10) . Further confirming the importance of Scn8a for the maintenance of normal RT function, short hairpin RNA(shRNA)-mediated knockdown of Scn8a, delivered by a viral vector into the RT, was sufficient to induce frequent absence seizures. On the other hand, shRNA delivery to TC neurons alone did not induce absence epilepsy, nor did expression of a scrambled RNA unable to knockdown Scn8a.
Overall the findings are a novel demonstration of Scn8a's regulation of thalamic synchrony via RT firing state and intra-RT inhibition and fit well within a framework where absence seizures result from a perturbation of normal thalamic oscil-latory activity. The authors present a plausible mechanism by which knockout of NaV1.6 simultaneously results in cortical hypoexcitability and thalamic hypersynchrony, which may inform our understanding of the phenotype associated with newly identified SCN8A mutations. Unfortunately, this dual role may complicate any effort to take advantage of systemic pharmacologic manipulation of NaV1.6 as an anticonvulsant. Beyond expanding our understanding of the thalamic mechanisms underlying the generation of absence epilepsy, the role of NaV1.6 channels in the regulation of thalamic oscillatory activity may have broader significance related to the regulation of sleep, consciousness and attention, which should drive future studies of interest into the function of this channel.
by Jonathan E. Kurz, MD, PhD, and Dane M. Chetkovich, MD, PhD
